a b s t r a c t 80% and 93% Li β-alumina single crystals are prepared from Na β-alumina by ion exchange method. Temperature dependent T 1 relaxation data for both the samples indicates the presence of a local motion of Li ion in β-alumina crystal. T 1 relaxation data of 23 Na in Na β-alumina was also studied and compared with Li β-alumina. Temperature dependent quadrupole interaction was observed for 7 Li in β-alumina crystal. A simple model suggested that, an out of plane position of Li ion may be possible with small energy imbalance which corresponds to the activation energy for local motion of Li ion. The T 1 relaxation data and the quadrupole data also indicate that mixed alkali effect might be present in the microscopic scale.
Introduction
Since the discovery of β-alumina [1] , nuclear magnetic resonance (NMR) spectroscopy is extensively used to understand the ionic conduction mechanism [2] [3] [4] [5] and the structure [6] of the Na β-alumina crystal. NMR spectroscopy is a very attractive method to probe the ionic motion in the crystal since such ionic motion modifies the NMR spectra. Li β-alumina shows very high Li ion conductivity [7] and thus there is a possibility to use Li β-alumina as an electrolyte in the Li ion batteries. While there is a saturation of NMR studies of Na β-alumina, only a few NMR studies have been done regarding Li ion motion in the alumina crystal [8] [9] [10] . The previous structural investigations [11, 12] suggested that Li ion might exist in the out off plane site, however only a few investigations are done so far to study the effect of ion position on the Li ion motion. Different experimental techniques are used to investigate Li ion motion in β-alumina crystal, but correlation among the results obtained from these techniques is not well studied. In this paper, we report the process route of the preparation of Li β-alumina using ion exchange method and then the motion of the Li ion in the alumina crystal is discussed by focusing our attention on the activation energy data obtained from impedance measurement, T 1 relaxation measurement and quadrupole data using NMR spectroscopy.
Experimental
Na β-alumina single crystal was cut into size from a large crystal. Li contained β-alumina was prepared by an ion exchange procedure by heating the original Na β-alumina single crystal into molten LiCl at 700°C for total 24 h and total 48 h. Inductively coupled plasma atomic emission spectroscopy (ICP-AES) is used to estimate the Na and Li contents in the β-alumina crystal. Complex impedance measurement was performed to find out the ionic conductivity. Ion blocking electrode gold was sputtered on two opposite sides of the sample so that conductivity can be measured along the crystal "ab" plane. The inversion recovery pulse sequence was adopted to observe the spin-lattice relaxation time T 1. During the T 1 relaxation measurement, the single crystal "c" axis is parallel to the static magnetic field. The one dimensional 7 Li NMR spectra were used to estimate the quadrupole interaction in the Li β-alumina single crystal. The resonance frequency of 7 Li is 155.5 MHz.
Results and discussion

Composition analysis
Li content in the β-alumina crystals was estimated using inductively coupled plasma atomic emission spectroscopy (ICP-AES) technique. From the ICP-AES experiment, it is found that the 24 hour sample has 80% Li ion and 20% Na ion and the 48 hour sample has 93% Li ion and 7% Na ion.
Impedance spectroscopy
Ionic conductivity of Na β-alumina, 80% Li β-alumina and 93% Li βalumina single crystal was measured along the "ab" plane, using complex Solid State Ionics 262 (2014) 482-485 impedance spectroscopy. Fig. 1 summarizes the temperature dependent conductivity data. The dc conductivity of Na β-alumina, 80% Li βalumina and 93% Li β-alumina follows a straight line in an Arrhenius plot (Eq. (1)) in the temperature range from 20°C to 100°C.
where E a is the activation energy, and k is the Boltzmann constant. Table 1 shows the room temperature conductivity, activation energy of 80% and 93% Li β-alumina single crystals and Na β-alumina single crystal. According to Table 1 , Na β-alumina has high conductivity of 10 − 2 S/cm, the 80% Li β-alumina has conductivity of the order of 10 − 4 S/cm, and then again the conductivity is increased for 93% Li β-alumina which is 10 − 3 S/cm. Such non-linear dependence of conductivity (at the same time, the activation energy E a ) as a function of Li concentration is defined as a mixed alkali effect. Such a nonlinear dependence of ionic conductivity (resistivity) and activation energy is observed in β-alumina by Briant and Farrington [7] when Na is replaced by Li ion in the β-alumina crystal. The activation energy of Na β-alumina shows excellent agreement with that of previous reported data [7, 13, 14] . The room temperature conductivity data of 80% and 93% Li β-alumina show a reasonable agreement with the previously reported data [7, 13] , but the activation energy is found higher than previous data [7, 13] .
Spin-lattice relaxation time T 1 in β-alumina crystal
The T 1 relaxation data as a function of inverse temperature of Na βalumina, 80% Li β-alumina and 93% Li β-alumina are summarized in Fig. 2 . It is observed that the T 1 is increased linearly as a function of inverse temperature. We didn't observe T 1 minima as in the Bloembergen-Purcell-Pound (BPP) model [15] , because the inverse of the correlation time is much smaller than the Larmor frequency. Thus, the spin-lattice relaxation time T 1 is directly proportional to the inverse temperature (Eq. (2)) and hence activation energy in the low temperature range can be obtained from the temperature dependent T 1 data.
By fitting the experimental T 1 data with Eq. (2), the activation energy, E a for 23 Na was found 0.14 eV which is 10% less than the activation energy obtained from the impedance measurement (0.16 eV). On the other hand, the activation energy, E a obtained from 7 Li T 1 data was found to be 0.091 eV and 0.062 eV for 80% Li β-alumina and 93% Li βalumina, respectively. These activation energies are very small compare to the activation energy obtained by impedance measurement. This small activation energy corresponds to the local microscopic motion of Li ion in the β-alumina crystal. Walstedt et al. [9] also discussed about the small activation energy of Li ion in 70% Li β-alumina. However, consistent experimental data that corresponds to impedance activation energy is not given in their report [9] . Mixed alkali effect can also appear in the microscopic scale since 93% Li β-alumina has lower microscopic activation energy (0.062 eV) than that of 80% Li β-alumina (0.091 eV). Indication of such local motion of Li ion was previously discussed by Kaneda et al. [16] and Marco Villa et al. [10] in terms of positions off the center of the conduction plane of β-alumina crystal. The possibility of such off center position of Li ion in the β-alumina crystal will be further discussed in the next section in terms of quadrupole interaction. 
The 7 Li quadrupole interaction
Because of the small quadrupole interaction, it is possible to observe satellite transition peak of 7 Li in β-alumina crystal. Figs. 3 and 4 summarized the 7 Li NMR spectra at different temperatures of 80% Li β-alumina and 93% Li β-alumina, respectively, when the crystal "c" axis is parallel to the static magnetic field. The peak to peak satellite separation corresponds to quadrupole coupling constant (QCC). Marco Villa et al. [10] described a simple model to explain the temperature dependence of QCC where temperature dependence of satellite separation appears in the Eq. (3). p(T) is defined as the probability of Li ion occupation on in plane site at temperature T which is given in Eq. (4), where f ∞ is the fraction of Li ion occupy in plane site at infinite high temperature. According to this model, there is possibility that Li ion occupies in the out of conduction plane position, thus an energy imbalance δE exists between in plane site and out of plane site.
here 〈Δν 0 〉 satellite splitting with 100% Li ion occupies in the in plane site.
Assuming the same in plane site configuration and occupation probabilities of Na and Li, we can calculate
γ ∞ is the Sternheimer antishielding factor. γ ∞ for 7 Li and 23 Na is obtained from Schmidt et al. [17] . Q is the quadrupole moment and Δνj 23Na is the quadrupole coupling constant of 23 Na which is 2.3 MHz. The temperature dependence of Δν sat for 7 Li in 80% Li β-alumina and in 93% Li β-alumina is shown in Fig. 5 . The solid curve represents Eq. (3). Thus, for 80% Li β-alumina, bΔv 0 N = 85.7 kHz and for 93% Li β-alumina, bΔv 0 N = 99.7 kHz.
We can fit our experimental data with Eq. (3) . For the 80% Li β-alumina the fitting parameters are; δE = 0.054eV, f ∞ = 0.51.
For the 93% Li β-alumina, the fitting parameters are; δE = 0.029eV, f ∞ = 0.4 .
Here, δE for 80% Li β-alumina is larger than that of 93% Li β-alumina which gives microscopic evidence of mixed alkali effect. The small energy imbalance corresponds to an activation energy for local microscopic motion. Such a microscopic motion might be parallel to crystal "c" axis since there is an occupational probability p(T) of Li ion to be in the out of plane position at any temperature T. Even though there is a possibility of the out of plane site of Li ion in β-alumina, Figs. 3 and 4 show only single sharp central transition (CT) peak for 7 Li in 80% and 93% Li β-alumina, respectively. The rapid motion of Li ion between in plane site and out of plane site with small activation energy might be the reason of observing the single spectrum. The out of plane position of Li is also experimentally observed by Tofield and Farrington [18] . However, their [18] picture does not agree with the out of plane position of Li ion observed by Edstrom et al. [11] .
Conclusion
The activation energy data obtained from various experimental techniques is summarized in Table 1 a local microscopic motion might be possible for Li ion in β-alumina crystal. Microscopic activation energy for 80% and 93% Li β-alumina shows a mixed alkali effect. The temperature dependent 7 Li quadrupole interaction (satellite separation) data of 80% and 93% Li β-alumina is fitted to a simple model proposed by Marco Villa et al. [10] which show that an out of plane position of Li ion might be possible. In such case the small imbalance of energy between out of plane and in plane position of Li ion corresponds to the activation energy of local microscopic motion. The temperature dependent quadrupole interaction suggests that the z component of the electric field gradient is not similar in the in-plane and the out of plane site in Li β-alumina. The local activation energy obtained for Li in β-alumina using NMR spectroscopy might contribute to the total macroscopic activation energy obtained in the impedance measurement.
